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T
he discovery of quasi-crystals (QCs) about 28 years ago 
[1] 
brought about a paradigm shift in solid-state physics. 
QC is an aperiodic solid whose atomic arrangements display 
a rotational symmetry (typically five- or ten-fold) which is 
forbidden within the realm of conventional crystallography 
[2]. 
Hundreds of researchers have involved themselves with great 
passion in QC study in the past twenty years. QCs with various 
systems have been synthesized in laboratories and have also 
been found in natural mineral 
[3]. Some attractive results have 
come out and are considered with regard to applications. 
QCs have a host of unusual mechanical and physical 
properties 
[4]. They have outstandingly high levels of 
hardness and brittleness and are inhibited from being applied 
as structural materials directly. Due to this characteristic, 
however, QCs can be used as strengthening phases for some 
alloys with good ductility. Accordingly, different QC master 
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alloys have been synthesized and successfully added into 
diverse commercial alloys 
[5-7]. These alloys exhibit high 
ductility with good strength at room temperature and a highly 
stable microstructure at elevated temperature.
In strengthening experiment, QC morphology and size are 
key to fabricating the final alloy with good properties. The 
most ideal master alloy is the one with evenly distributed 
mini-sized spherical QCs. This paper includes detailed study 
of QC size, morphology, volume fraction and micro-hardness 
of Mg-Zn-Y-based master alloys and attempt to synthesize a 
fine master alloy containing micro- or nano-QCs. 
1 Experimental procedure
The experimental alloys (see Table 1) were melted in a reformed 
crucible electric resistance furnace (SG2-5-10A) 
[8], under the gas 
mixture of CO2/0.5vol.%SF6 protective atmosphere, using Mg 
(99.95%), Zn (99.90%) and Y (99.99%) ingots; Ni (99.99%) 
and Cu (99.99%) powder; Mg-30%Ce and Mg-30%Dy master 
alloys; electrolytic Mn (99.95%) sheet. Stirring for 2 min by 
impeller at 1,073 K and holding for 5 min above 1,053 K, 
the melts were poured and cooled by different cooling media 
(see Table 1, Fig. 1 and Fig. 2). The cooling curves (Fig. 
3) were monitored by a multi-channel data acquisition card 
(USB-4718, China). The microstructures of the specimens CHINA FOUNDRY
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were investigated using scanning electron microscopy (SEM, 
Philips XL30, the Netherlands and HITACHI S4800, Japan) 
and transmission electron microscopy (TEM, DEOL JEM-
2010FEF, Japan). Volume fraction of QCs compared with the 
whole volume of the sample (QC volume fraction, for short) 
was tested using Image-Pro Plus 6.0 soft. The micro-hardness 
of QCs was examined using micro-hardness tester (HXD-1000, 
China).
Table 1: Nominal compositions of experimental alloys and cooling media
Fig. 1: Sketch of different cooling media (unit: mm)
Fig. 2: Sketch of wedge-shaped copper mould (unit: mm)
The experimental alloys were classified into four groups (I, 
II, III and IV). The morphology and dimensional change of 
QC phase in different cooling media were studied in Group 
I. Thus, the route to fabricate micro- spherical QCs can be 
confirmed. On the one hand, compared with petal-like QC 
phase, spherical QC phase has better wetting power with the 
metal matrix, thus lowering the possibility of becoming a crack 
source in the deformation process. On the other hand, the past 
study 
[9] showed that the smaller the spherical QC, the higher its 
micro-hardness. So producing micro-spherical QCs and using 
them to strengthen the matrix are of great significance 
[7]. Group 
II and Group III mainly study the effects of different kinds of 
alloying elements as the fourth component on QC morphology 
and size. The effects of mixing additions of two kinds of 
elements on spherical QCs were studied in Group IV.
2 Results and discussion
2.1 Effects of cooling rate on Mg-Zn-Y QCs
The melts have undergone fast or slow cooling processes 
under different cooling effects coming from various cooling 
media. Six cooling curves (Fig. 3) of Mg-Zn-Y alloys in 
different cooling media were monitored using multichannel 
data acquisition cards. The solidified morphology and size of 
Group 
No.
Alloy No.
Alloy compositions (at. %)
Cooling media
Mg Zn Y Other components
I
1 72.0 26.5 1.5 - Be extracted by sample collector (copper tube) and quenched in water
2 72.0 26.0 2.0 - Wedge-shaped copper mould
3 72.0 26.5 1.5 - Copper mould
4 72.0 26.5 1.5 - Cast iron mould
5 72.0 26.5 1.5 - Cement mould
6 72.0 26.5 1.5 - Be poured into a graphite crucible and slowly cooled with furnace
II
7 72.3 26.0 1.5          Cu: 0.2 Cast iron mould
8 72.3 26.0 1.5          Cu: 0.2 Copper mould
9 72.0 26.0 1.5 Cu: 0.5 Copper mould
10 71.0 26.0 2.0 Cu: 1.0 Wedge-shaped copper mould
11 71.0 26.0 2.0 Ni: 1.0 Wedge-shaped copper mould
III
12 71.7 26.0 1.5 Ce: 0.8 Cast iron mould
13 72.3 26.0 1.5 Dy: 0.2 Cast iron mould
14 72.3 26.0 1.5 Dy: 0.2 Wedge-shaped copper mould
IV
15 71.5 26.0 1.5    Mn: 0.8, Cu: 0.2 Cast iron mould
16 71.0 26.0 2.0    Ni: 0.5, Cu: 0.5 Wedge-shaped copper mould209
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Fig. 4: SEM micrographs of morphology of quasi-crystals in  Alloy 1 (a), Alloy 2 (b), Alloy 3 (c),  Alloy 4 (d), Alloy 5 (e)  and 
Alloy 6 (f) 
QC phase are quite different, as shown in Fig. 4. Figure 4 (a) 
shows a back scatter SEM photo of Alloy 1 and flat bacilliform 
morphology can be seen. It was reported that these parallel 
rods are decahedral QC phase 
[10]. When the cooling rate is 
reduced, the solidified morphology of QC phase changes from 
near-spherical, micro petals (1 to 2 μm) to big petals (20 μm) 
and finally grows up to bulk pentagon or hexagon (200 to 400 
μm). Although they possess unlike morphologies, they are all 
icosahedral QC phase. Moreover, they are quite different in 
micro-hardness and volume fractions, as compared in Table 2. 
The further research shows that spherical QCs with high QC 
volume fractions, high micro-hardness and micro-size (Alloy 
2) can be synthesized under relatively high cooling rate on the 
middle part of wedge-shaped castings. Fig. 3: Cooling curves of experimental alloys
Table 2: Comparisons of quasi-crystals (QCs)
(a)
(d)
(b) (c)
(e) (f)
Alloy No. QC size (diameter, μm) QC morphology QC volume fraction (%) Micro-hardness (HV)
1
8.8-11.2 in length
Flat bacilliform 52.7 287
2.4-3.2 in width
2
0.9-1.3 Spherical
39.3 324
1.4-2.2 Petal-like
3 3.8-5.9 Petal-like 34.6 272
4 8.8-15 Petal-like 24.1 157
5 16.4-22.5 Petal-like 8.2 182
6 209-367 Polygon 22.9 195
7 21.5-28.7 Petal-like 37.8 298
8
8.0-11.8 in length
Flat bacilliform 15.3 289
1.9-3.2 in width
9 2.2-2.7 Spherical 9.8 287
10 0.5-1.2 Spherical 13.5 376
11 0.7-1.1 Spherical 11.1 338
12
4.5-5.6 Spherical
22.4 287
5.9-7.8 Petal-like
13
5.5-6.3 Spherical
33.5 309
8.1-8.8 Petal-like
14 1.3-2.6 Spherical 6.4 321
15 2.0-6.0 Spherical 8.5 276
16 0.4-1.1 Spherical 18.6 412CHINA FOUNDRY
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The formation of QC phase in 
common casting process is due 
to strong QC forming ability of 
Mg-Zn-Y alloys. Moreover, the 
components of Mg-Zn-Y alloys 
highly accord with the design 
principle for forming amorphous 
alloys. Inoue 
[11-12] has formulated 
three basic empirical rules for the 
formation of bulk metallic glasses. 
Mg-Zn-Y alloys basically meet the 
Fig. 5: Selections of components
demands for forming metallic glasses. Another report pointed 
out that QCs and some metallic glasses are built up with 
icosahedral clusters 
[13]; furthermore, they can transform into 
each other under suitable conditions 
[13-15]. These icosahedral 
clusters formed icosahedral QCs under relatively low cooling 
rates in common cooling media. In this study, elements Cu and 
Ni, which are close to Zn; and Ce and Dy, which have bigger 
atomic size than Y; were selected to add into the Mg-Zn-Y 
alloys (see the periodic table of elements in Fig. 5). Thus, the 
alloy components in this study also meet Inoue’s three rules. 
Multi-component QCs are hopeful to be successfully fabricated.
As is well-known, Mg-Cu-Y and Mg-Ni-Y alloys possess 
strong amorphous formation ability. In this study, Cu and/or 
Ni elements were introduced into Mg-Zn-Y alloys, and were 
designed to be partial substitutions for the Zn element. Thus, 
more icosahedral clusters could be created to promote the 
fomation of QCs. As shown in Fig. 6(a), QC petals in Mg-Zn-
Y-Cu alloys (cooled in a cast iron mould) are more round than 
QC petals in Alloy 4. Partial petals in Alloy 7 split away from 
the main body and close to spherical morphology. QCs in Fig. 
6(b) which shows flat bacilliform morphology (similar to Alloy 
1) also are decahedral QC phase which is different with bamboo 
leaf-like Mg2Cu phase reported by Hui 
[16]. When the content 
of Cu reaches 0.5%, spherical QCs come into being (Alloy 9). 
It can be seen from Alloy 7 and Alloy 9 that these elements 
near to Zn in the periodic table of elements are able to promote 
the formation of spherical QCs. In order to fabricate spherical 
QCs with small size, Mg-Zn-Y-Cu and Mg-Zn-Y-Ni melts 
were cooled in a wedge-shaped copper mould (samples were 
taken in the middle part of the wedge-shaped castings). Micro-
spherical QCs (as shown in Fig. 7) with high volume fraction 
were synthesized. It can be seen from Table 2 that these micro-
spherical QCs possess higher a value of micro-hardness than 
petal-like QCs with the same components; the value is also 
higher than for ternary micro Mg-Zn-Y QCs (Alloy 2).
A small amount of Ce and Dy elements, with large atom 
radius, were also designed to add into the Mg-Zn-Y alloys (Fig. 
8). In this situation, atom interspace are filled by different 
(b)
Fig. 6: SEM micrographs of morphology of QCs in Alloy 7 (a), Alloy 8 (b), and Alloy 9 (c)
Fig. 7: SEM micrographs of 
morphology of QCs in Alloy 
10 (a), and Alloy 11 (b)
2.2  Multi-component
       Mg-Zn-Y-based quasi
       -crystal alloys
(a) (b) (c)
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Fig. 10: Volume fraction and micro-hardness of   
experimental spherical QCs
Fig. 8: SEM micrographs of morphology of QCs in Alloy 12 (a), Alloy 13 (b), and Alloy 14 (c)
Fig. 9: SEM micrographs of morphology of QCs in Alloy 15 (a), and Alloy 16 (b)
radius of atoms. Inoue’s three 
rules are also met here so that the 
formation of icosahedral clusters and 
icosahedral QCs are restrained. Such 
compositional design also achieved 
the purpose of synthesizing spherical 
QCs (as shown in Figs. 8(a) and (b)). 
Micro-spherical QCs were fabricated 
in Alloy 14 (as shown in Fig. 8(c)) 
with same components with Alloy 
13 through wedge-shaped copper 
mould (the sample was taken in the 
middle part of the casting).
Figure 9 shows a trial of mixed additions of two kinds of 
additional components to Mg-Zn-Y alloys. Spherical Mg-Zn-Y-
Mn-Cu and Mg-Zn-Y-Ni-Cu QCs were fabricated in a cast iron 
mould and a wedge-shaped copper mould (samples were taken 
in the middle part of the castings), respectively. The study 
shows that the spheroidizing is more effective for the mixed-
additions-containing QC alloys than single-additions-containing 
QC alloys. The minimum size of Mg-Zn-Y-Ni-Cu QCs reaches 
0.4 μm, and its micro-hardness is higher than HV400.
The volume fraction and micro-hardness of experimental 
spherical QCs are shown in Fig. 10 and Table 2. A fine QC 
master alloy should be the one with micro-spherical QCs and 
with high values in QC volume fraction and micro-hardness. 
Among all the experimental alloys, Alloy 10 and Alloy 16 
possess QC volume fraction of greater than 10% and micro-
hardness of greater than HV350. Furthermore, these two alloys 
contain lots of micro-spherical QCs, with size less than 1 μm. 
The two kinds of alloys can be used as prospective master 
alloys to strengthen Mg alloys with good ductility.
2.3 Morphology transformation and its 
influencing factors
When the peritectic reaction 
[17] of QC phase occurs either by 
homogeneous nucleation or by heterogeneous nucleation, the 
morphology of QCs should be nearly spherical at the early 
stage of the nucleation process. The highest volume percentage 
of surface layer to the whole volume of QC particles at the 
early stage results in the highest surface energy of QCs, which 
enables the morphology of QC particles shrinking to spherical 
or near-spherical. Therefore, the solidified morphology of 
QCs depends on the stability of spherical QC phase during 
the subsequent growth 
[10]. It is reported that critical radius for 
maintaining the spherical QC interface relatively stable varies 
directly as the interface energy, and in inverse proportion to 
the degree of under-cooling 
[18]. If QC phase forming initially 
could preserve spherical interface stable during the whole 
growth process, and the real radius is less than the critical 
radius, QCs with spherical morphology would be obtained. 
Otherwise, if the real radius is greater than the critical 
radius, QCs with irregular or dendrite morphology would be 
eventually generated.
The addition of a little adscititious element as the fourth 
component is beneficial to the stability of the spherical 
interface. On the one hand, the addition of a little fourth 
component improves potential nucleating sites for QCs. These 
micro-elements lead to segregation phenomenon in the solid/
liquid interface and elevate the interface energy between 
QCs and the melts. On the other hand, the addition of these 
(a) (b) (c)
(a) (b)CHINA FOUNDRY
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micro-elements promotes heterogeneous nucleation of QCs 
and lowers the degree of under-cooling. Both effects increase 
the critical radius and provide favorable conditions for the 
key step that QCs grow to be spherical morphology. With 
further increasing addition of the adscititious micro-elements, 
however, un-dissolved micro-elements are discharged from 
the solid phase to the solid/liquid interface and form micro-
elements solute transitional layer with certain thickness, 
preventing Zn and Y from diffusing to spherical QC particles 
and finally slowing down the growing velocity of QC particles. 
Moreover, due to the increasing enrichment of micro-elements 
compound in front of the growing solid/liquid interface of QC 
particles, the degree of constitutional under-cooling increases; 
and the degree of under-cooling increases as well. Thus the 
critical radius decreases which makes it hard to maintain QC 
spherical interface. Finally, QC morphology transforms from 
spherical to petal-like.  
No matter how many kinds of constituent element of Mg-Zn-
Y-based alloys, the degree of under-cooling plays an important 
role in whether it can form spherical QCs. The under-cooling 
is composed of dynamic under-cooling, thermodynamic under-
cooling and constitutional under-cooling. An increase in one 
or more of these will result in the final improvement of the 
total degree of under-cooling, bringing about a decrease of the 
critical radius, and finally leading to it becoming more difficult 
to form spherical QCs. In other words, the formation of non-
spherical QCs is all due to the higher demands for under-
cooling conditions and the facts that the real radius is greater 
than the critical radius. 
Figure 11 shows a morphology evolution schematic diagram 
of Mg-Zn-Y-based QCs. Every morphology represents one 
of the typical morphologies of Mg-Zn-Y-based QCs under 
different forming conditions. When it is unable to satisfy the 
under-cooling conditions for the formation of spherical QCs, 
the real radius is slightly greater than the critical radius, the 
small petal-like QCs will form as the transformation I. With 
the cooling rate slower and the cooling time longer, the small 
petal grows. If Cu is added in this stage, the QC petal will 
become more round as the transformation II. The relatively 
big round petals are broken off from the QC main part with 
the fluid melt, and then become independent near-spherical 
petals as the transformation III. These stripped petals become 
the new base for forming spherical QCs if their real radius is 
less than the critical radius as the transformation IV.  Thus, a 
cycle is formed and will continue to proceed until Y is running 
out in the melt. If there is enough time for small petals to grow 
up in the solidified process, and if the solidification conditions 
in different directions are not the same, partial directional 
petals will grow and become larger than the other petals. Thus, 
dragonfly-like QCs will form as the transformation V. QCs 
with dragonfly-like morphology also often present in heat-
treated petal-like QCs with regular morphology 
[19].
2.4 Micro/Nano spherical quasi-crystals
It can be seen from the above discussions that the obvious 
increase in the under-cooling conditions will reduce the 
critical radius and make it difficult to form spherical QCs. 
In this study, micro-spherical QCs with a size about 1 μm 
were synthesized in Alloy 2 by strikingly improving the 
thermodynamic under-cooling. In this relatively high under-
cooling condition, QC sphere have no time to grow and 
therefore retain the spherical morphology. The real QC radius 
is also less than the decreased critical radius at this moment, so 
the criterion conditions 
[18] are also satisfied.
It has been widely accepted that quasi-crystals and at least some 
metallic glasses are built up with icosahedral clusters 
[13]. Under 
proper cooling conditions, the formation of QCs is actually 
developing from icosahedral clusters, which are left after the 
solidification. Based on the atoms cluster theory, when the 
melt is close to the liquidus and undergo relatively high under-
cooling conditions, plentiful icosahedral clusters will exist in 
the melt. It is beneficial for forming of QCs with high thermo-
stability when these icosahedral clusters become a main part 
of the melt. This kind of QCs retains local short-range orderly 
structure, so obvious structural heredity exists between the 
melt and QCs. Under the wedge-shaped copper mould cooling 
conditions, icosahedral clusters in Mg-Zn-Y-based alloys’ melt 
result in the formation of Mg-Zn-Y-based icosahedral QCs.
The solidification process of QCs, which consists of grain 
nucleation and their subsequent growth, is similar to that 
of crystal formation process. Lower cooling rate might not 
effectively suppress the crystallization and would result in 
the formation of crystal phase while a higher cooling rate 
might suppress the nucleation and growth of the QC phase 
and would result in the formation of amorphous phase. So, 
it is necessary to properly control the cooling rate for the 
formation of the QC phase. Shechtman 
[1] pointed out that 
the solidification rate for forming QCs ought to high enough; 
however, it must low enough at the same time. For alloys 
with the certain constituent, an optimum cooling rate exists 
for QC formation. When the cooling rate exceeds the critical 
point, the QC nucleation will be restrained and amorphous 
phase may be formed since there is no time for nucleation. For 
rapid solidification conditions, the cooling rate will overrun 
the critical point, so the formation of QCs will be suppressed. 
However, if the increased cooling rate is still below the 
critical point, based on the classical nucleation theory, the 
thermodynamic super-cooling of the alloys will increase, and 
Fig. 11: Morphology evolutive schematic diagram 
of Mg-Zn-Y-based quasi-crystals213
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the nucleation rate will be improved 
rapidly. Thus, the content of QC 
phase will enlarge and the growth of 
the crystal phases will be repressed. 
Under the wedge-shaped copper mould 
cooling conditions in this study, the 
cooling rate is just below the critical 
point. So the small-sized QCs can be 
fabricated successfully. Moreover, 
nano-scale QCs are also synthesized in 
this route on the tip of wedge-shaped 
mould as shown in Fig. 12 (~ 300 nm 
in (a) and ~ 40 nm in (b)). Electron 
diffraction pattern confirmed that these 
nano phases are indeed the icosahedral 
QC phase with typical selected area 
electron diffraction (SAED) patterns at five-fold axes.
It has been reported that a large negative enthalpy of mixing 
and/or existence of Frank-Kasper-type phase appear to be 
the crucial criteria for the formation of nanoquasi-crystal 
(nano-QC) phase in any system 
[20]. Meanwhile, Mg-Zn-Y-
based QCs just belong to Frank-Kasper-type phase 
[21] and 
have a certain negative enthalpy of mixing. So theoretically, 
Mg-Zn-Y-based nano-QCs can be formed under a proper 
cooling condition. The past cooling rate the researchers used 
to produce QCs is either too high or too low, and do not meet 
the forming conditions of nano-QCs. On the tip of the wedge-
shaped casting, the cooling condition is just suitable for these 
icosahedral clusters to be the nucleation sites of QCs. And 
then, it leaves a very short time for QC growth. So, it is nano-
QCs that are formed in this route instead of metallic glass and 
crystal phase. Nano-spherical QCs will possess better micro-
hardness and become better strengthening phase to alloys with 
good ductility.
Nano-QCs are formed only on the tip of wedge-shaped 
castings in this paper. If the cooling rates and the components 
are well controlled, nano-QCs can also be synthesized by 
other means. It is forecast that nano-QCs with high volume 
fractions and high micro-hardness will strengthen alloys with 
good ductility more effectively. The cooling rate on the tip of 
wedge-shaped castings is slightly below the critical point, so 
a certain content of nano-QCs are fabricated. If the cooling 
rate is carefully controlled near the precise value of the 
critical point, amorphous-nano-QCs compounds are possible 
to be synthesized. This kind of alloy will possess excellent 
properties and greater attractions. Further studies will be 
needed in this field.
3 Conclusions
(1) With the cooling rate reduced, the solidified morphology 
of QC phases change from near-spherical, micro-petals 
(1 to 2 μm) to big petals (20 μm) and finally grow to bulk 
pentagon or hexagon (200 to 400 μm). These QCs with 
different morphologies are quite different in micro-hardness 
and QC volume fractions. Spherical QCs with high QC 
(a) (b)
Fig. 12: TEM images of morphology of nanoquasi-crystals in Alloy 10 (a) and, 
Alloy 16 (b) ; (c) and (d) are their corresponding SAED patterns
volume fractions, high micro-hardness and micro-size can be 
synthesized under relatively high cooling rate on the middle 
part of wedge-shaped castings.
(2) Multi-component petal-like, flat bacilliform and 
spherical QCs are fabricated by using different cooling media 
and adjusting the component rates. Multi-component micro-
spherical QCs possess a higher value of micro-hardness than 
the same components’ petal-like QCs, and also higher than 
ternary micro-Mg-Zn-Y-QCs. The minimum size of Mg-Zn-
Y-Ni-Cu QCs on the middle part of wedge-shaped casting 
reaches 0.4 μm, its micro-hardness is higher than HV 400. Two 
kinds of micro-sphecical QC alloys with QC volume fraction 
of greater than 10% and micro-hardness of greater than HV 
350 can be used as prospective master alloys to strengthen Mg 
alloys with good ductility.
(3) The additive amount of adscititious elements and 
degree of under-cooling are the main influencing factors to 
the QC morphology. The further key influencing factor is the 
critical radius. If the real radius is less than the critical radius, 
spherical QCs will be obtained. A morphology evolution 
schematic diagram of Mg-Zn-Y-based QCs is included in the 
paper (see Fig. 11).
(4) Nano-QCs with size about 300 nm and 40 nm are 
synthesized on the tip of wedge-shaped castings. The formation 
mechanism of nano-QCs is discussed by atoms cluster theory, 
optimum cooling rate theory and the known crucial criteria of 
existence of a large negative enthalpy of mixing and/or Frank-
Kasper-type phases. It is foreseeable that nano-QCs with high 
QC volume fractions and high micro-hardness will strengthen 
alloys with good ductility more effectively.
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